Background: Local anaesthetics are known to induce apoptosis in clinically relevant
Local neurotoxicity after neuraxial application of local anaesthetics is rare.
Nevertheless, it is a severe problem when it occurs. Clinical profiles of neurotoxicity have been based on the reported incidence of cauda equina syndrome or transient neurologic syndrome (TNS) after spinal anaesthesia. [1] [2] [3] Clinically, lidocaine is the local anaesthetic which has most often been linked to local neurotoxicity, although incidental neuronal damage has been described for other local anaesthetics as well.
In animal studies neurotoxicity of many local anaesthetics has been demonstrated. [5] [6] [7] [8] [9] Experimental evidence suggests that the mechanism of local anaesthetics-induced neurotoxicity is unrelated to the blockade of the voltage-gated sodium channel or electrical inactivation of a nerve. Local anaesthetics induce elevations of intracellular calcium concentration through external influx or release from intracellular stores.
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Furthermore, local anaesthetics activate certain kinases and inhibit the energy production in the mitochondria. [14] [15] [16] [17] [18] [19] In this process apoptosis has been shown to be one mechanism of neurotoxicity in-vitro, especially in marginally toxic concentrations. [20] [21] [22] [23] Recent studies have delineated the subcellular mechanism of apoptosis induction by local anaesthetics in neuronal cell cultures. 23 24 Hence, this model seems suitable for the investigation of the neurotoxic and neuroapoptotic potential of different local anaesthetics.
The investigation of the toxicity of different local anaesthetics may help to evaluate which properties of local anaesthetics are responsible for their toxic effects. Does the chemical structure, i.e. ester-or amide-type, influence their toxicity? Ester-type local anaesthetics have been considered to be somewhat more neurotoxic in comparison to amides. 11 25 Are there certain physicochemical properties that determine the toxic potential of a local anaesthetic like lipophilicity, pka-value, protein binding or molecular weight? Therefore, we compared the concentration-dependent neuroapoptotic and neurotoxic potencies of the amide-type local anaesthetics bupivacaine, lidocaine, mepivacaine, prilocaine and ropivacaine as well as the ester type local anaesthetics procaine and tetracaine in our human neuronal cell culture model. Human neuroblastoma cells (SHEP) are a subclone derived from the human neuroblastoma cell line SK-N-SH and have been characterized before. [26] [27] [28] All cells lines were grown in Roswell Park Memorial Institute (RPMI) 1640 medium with Lglutamine, supplemented with 10% heat-inactivated foetal calf serum and 50 µg ml -1 each of penicillin and streptomycin. All cells were cultured under equal conditions including a humidified atmosphere containing 5% carbon dioxide at 37°C.
Exposure to Local Anaesthetics and Experimental Protocol
Prior to the experiments, cells were cultured overnight in complete medium at a density of 4 x 10 5 cells ml -1 to allow logarithmic growth. Adherent cells were cultured in 3 ml samples with fresh medium alone as negative control, or one added local anaesthetic for 24 h at concentrations as indicated. Addition of local anaesthetics did not alter the pH value of the medium (7.39, range 7.35-7.43)
Apoptosis Detection Assay
The fraction of cells in an early state of apoptosis was determined by staining cells with fluorescein isothiocyanate conjugated (FITC) annexin V and counterstaining with 7-amino-actinomycin D (7-AAD). Annexin V binds to phosphatidylserine on the outer leaflet of the plasma membrane. 7-AAD is excluded by cells with intact membranes.
Therefore, 7-AAD staining reveals membrane disintegration and is a marker for primary or secondary necrotic cell death. Cells staining with annexin V -FITC (below referred to as annexin V), but not with 7-AAD are defined as early-apoptotic. 
Statistical Analysis
All experiments were performed at least in triplicate. Results are expressed as means 
Results
Concentrations of local anaesthetics inducing cell death in less than 50% of analyzed cells resulted in a considerable fraction of cell staining positive for annexin V only.
This indicates an early stage of apoptosis in at least a fraction of the analyzed cells.
Nevertheless, also at these concentrations cells staining positive for annexin V staining and 7-AAD were present ( Fig. 1) indicating late apoptosis or necrosis. Note that not only the LD 50 -values of two local anaesthetics adjacent to a significance sign were different, but also LD 50 -values of all local anaesthetics on different sides of a significance sign. E.g. the LD 50 -value of lidocaine was significantly higher than the values for mepivacaine, ropivacaine, prilocaine, bupivacaine and tetracaine. Furthermore, this value was significantly lower than that of procaine or articaine. ANOVA with Tukey´s post-hoc test. * P < 0.05; ** P < 0.01 (Fig. 4) . The highest percentage of cell death by early apoptosis varied between the different local anaesthetics between 14 and 28% after 24 h of incubation. With a further increase in concentration the percentage of early apoptotic cell formation decreased and returned to baseline for almost all local anaesthetics (Fig. 4 ). Most of these studies investigated one drug only. Therefore, the concentrations inducing neurotoxicity may be reached clinically. 36 However, after a single-shot spinal anaesthesia or peripheral nerve block these concentrations are only reached for about one hour, whereas in the presented cell culture model the concentration was kept constant for 24 h. It is well known that beyond the concentration, the time of exposure to a local anaesthetic is important for the development of neurotoxicity, therefore neurotoxicity after single application is a rare complication clinically. Thus, intraneural injection of lidocaine 2% (≈ 78 mM) for single shot sciatic nerve block did not lead to any functional nerve damage, although this concentration is more than eight times the here observed LD 50 concentration. 43 Although we used human tumour cells which might generally be resistant to apoptosis induction, they were actually more sensitive to apoptosis induced by local anaesthetics than primary rodent dorsal root cell cultures and hybrid immortalized dorsal root ganglia. 15 21 Obviously, the cell culture model used for the presented study has several limitations in translating data to the in vivo situation: Human SHEP neuroblastoma cells are growing and dividing during the local anaesthetic exposure rather than being mature terminally differentiated neurons. They are derived from malignant neural crest cells which would ordinarily differentiate into the sympathetic chain, adrenals or dorsal root ganglia. Nevertheless, despite those limitations our model of a human neuronal cell line seems even more sensitive in detecting minor differences between different local anaesthetics compared to in vivo studies.
Older animal studies compared also the neurotoxic, but not the apoptotic potency of different local anaesthetics. Myers and colleagues investigated the effect of 2-chloro-procaine, tetracaine, lidocaine and bupivacaine in high concentrations on the sciatic nerve of rats. In a subsequent study Sakura found an increased functional and morphological neurotoxicity of lidocaine in comparison to bupivacaine, probably because this study was more appropriately powered. 50 Equally, Yamashita and colleagues in a similar model found bupivacaine and ropivacaine to be significantly less toxic then lidocaine and tetracaine. 23 37 39 40 This implicates, that all local anaesthetics developed on the basis of the known structures neurotoxic depending on the lipophilic properties. Therefore, one may argue that we have to look out for local anaesthetics with a completely different structure in order to completely avoid this toxicity, e.g. tetrodotoxine which displays no local toxicity.
8 Disappointingly, also the structurally different tricyclic antidepressant amitriptyline which also inhibits the voltage-dependent sodium channel induces apoptosis and local neurotoxicity. 55 More recently, lipophilic effects of a series of amino-amide local anaesthetics on human potassium channels have been reported. 56 This interaction may also be involved in toxic actions of local anaesthetics. Thus, again the lipophilic properties seem to play an important role in determining the toxic potential.
Some studies have attributed the cytotoxicity of local anesthetics and amitriptyline to an unspecific membrane effect as a detergent. 57 58 However, these physicochemical effects occur with concentrations approximately 10-fold higher.
Furthermore, findings that cells are protected against local anesthetic induced apoptosis by Bcl-2 overexpression, caspase-9 deficiency, caspase-inhibitors and p38
mitogen-activated-kinase-inhibitors argue against a detergent-like effect of local anesthetics as the principal cause of cell death.
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Nevertheless, it is conceivable that higher concentrations of local anesthetics, which induce necrosis, might be caused by such a more unspecific effect.
Since tetracaine is the most toxic of all local anaesthetics investigated here, one may ask whether the chemical structure (amide vs. ester type) has influence on the neurotoxicity. In agreement with Tan and colleagues we found that tetracaine and procaine, as the two ester-type local anaesthetics investigated, are at the two ends of the toxicity scale.
14 Therefore, a possible influence of the ester-amide bond on their neurotoxic effects is highly unlikely.
In conclusion, all local anaesthetics are concentration-dependent neuroapoptotic and neurotoxic. The toxicity correlates with the lipophilicity and therefore with the potency of the local anaesthetic. Ester-or amide-type local anaesthetics are equally neurotoxic. Thus, local neurotoxicity seems to be a universal phenomenon of all clinically used local anaesthetics and linked more to physicochemical properties than to their molecular structure.
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